A real-time accurate detecting the risk of an impending vehicle rollover is essential for active rollover avoidance systems. To this end, a 4DOF nonlinear vehicle roll dynamics model is developed, which fully exploit the coupling effects between the yaw dynamics, lateral dynamics, and roll dynamics. An asymptotically stable observer is presented by using the mean value theorem of vectorial form, and the observer gain is derived based on linear matrix inequalities (LMIs). The simulations demonstrate that the developed nonlinear observer can provide reliable estimation of the vehicle states, even under aggressive driving conditions.
Nomenclature

CG
Center of gravity. the nonlinear vehicle dynamics can be expressed as the convex combination of some known matrices, and the coefficients are time-varying. The simulations indicate that the proposed nonlinear observer can provide reliable estimation of vehicle states even under aggressive driving conditions. The paper is organized as follows: the coordinate systems is defined for vehicle dynamics in Section II, and a 4DOF nonlinear vehicle roll dynamics model is derived, which consists of lateral, yaw and roll dynamics. By using the modified mean value theorem, an asymptotically stable observer is presented for the nonlinear roll dynamics, and the stability properties are also analyzed in Section III. The performance evaluation and simulations are presented in Section IV. Finally, our results are concluded in Section V.
Vehicle System Model
Translational motions
As shown in Fig. 1 , define three right-hand coordinate systems to describe the rotational and translational movements of the vehicle unsprung and sprung mass dynamics. OXYZ is the inertial coordinate system located on ground, and Z -axis is upward from the ground. It is assumed that the ground is flat, and the vertical and pitch dynamics of vehicles are ignored. Then the vehicle dynamics with four degrees of freedom are derived. The relative motions between u u u u O X Y Z and OXYZ include the lateral and longitudinal dynamics, i.e., translational motions along Y -axis and X -axis, and yaw and roll dynamics, i.e., the rotational motions relative to Zaxis and X -axis, respectively. Assuming that the bank angle of the ground is small, the unsprung mass angular velocity relative to OXYZ is given as follows 
Combining (2) and (4) 
Rotational Motions
In an inertial reference frame, the applied torque is equal to the differentiation of angular momentum with respect to time. This rule is generally true, but in solving the movement of a rotating rigid body, it is not effective because the angular velocity of the rotating frame of reference and the moment of inertia tensor will vary with motion. Since the main axes of the moment of inertia tensor are aligned with the coordinate frame located in the rotating body, thus it is needed to change to this frame. In this way, calculations can be simplified due to constant moment of inertia tensor. The inertia tensor 
In the rotating frame of reference, the differentiation of angular momentum with respect to time is 
To take the rotation and translation of the vehicle body into account, we obtain the inertia tensor 
According to the equation (7), relative to the inertia coordinate system OXYZ , the rotational acceleration of sprung mass is computed as follows 
Using (2), the lateral acceleration , ,
, , 
Observer Design
Since the roll angle is rarely measured directly due to cost and reliability issues, it is essential to design the asymptotically stable observer based on the available measurements such as the vehicle speed, yaw rate. By utilizing linear matrix inequalities, the observer gain matrix is derived. Assuming the steering angle f  can be measured, the following observer is proposed
The estimation error dynamics can be evaluated as Proof: By using modified mean value theorem [10] , the derivative of the ith element of () Lxcan be expressed as a convex combination of two values of its derivative In the second simulation, a fishhook test is conducted with a vehicle velocity of 80 / km h . The steering angle input increases at a rate of 36 / deg s until it reaches 36 deg , and the peak value is retained for 1 s , then a steering angle of opposite direction is conducted at a rate of 36 / deg s up to 36 deg  . Figs. 7 and 8 plot the estimated roll rate and roll angle during the fishhook maneuver. The simulation results show that due to the significantly large steering input, the roll rate and roll angle happen to jump between 2 s and 6 s . However, because the couplings between roll motion, yaw motion, and lateral motion are utilized, the observer provides reliable estimation for this maneuver, even when the vehicle is operating in the nonlinear range. 
Conclusions
This paper investigates the accurate discovery of the risk of an impending vehicle rollover. To deal with the nonlinear coupling effects between roll dynamics, yaw dynamics, and lateral dynamics, a new vehicle roll dynamics model is developed. On basis of the proposed model, an asymptotically stable observer is presented, and the observer gain matrix is derived by utilizing linear matrix inequalities. Based on the mean value theorem, the nonlinear vehicle dynamics can be expressed as the convex combination of some known matrices, and their coefficients are time-varying. The simulations demonstrate that the proposed nonlinear observer can provide reliable estimation of vehicle states during highly dynamic maneuvers.
